We investigate the influence of laser phase noise heating on resolved sideband cooling in the context of cooling the center-of-mass motion of a levitated nanoparticle in a high-finesse cavity. Although phase noise heating is not a fundamental physical constraint, the regime where it becomes the main limitation in Levitodynamics has so far been unexplored and hence embodies from this point forward the main obstacle in reaching the motional ground state of levitated mesoscopic objects with resolved sideband cooling. We reach minimal center-of-mass temperatures comparable to Tmin = 10mK at a pressure of p = 3 × 10 −7 mbar, solely limited by phase noise. Finally we present possible strategies towards motional ground state cooling in the presence of phase noise.
Among the numerous optomechanical systems, Levitodynamical systems excel with an extreme level of isolation from the environment, rendering Q-factors exceeding 10 8 [1] . This makes them an attractive alternative to membranes and nanobeams [2] [3] [4] [5] for probing macroscopic quantum phenomena at room temperature [6] [7] [8] [9] .
In addition, Levitodynamics offers unique possibilities unavailable in conventional clamped systems, including free fall [10] , rotation [11] [12] [13] [14] and engineered potentials [15] . These unique features make them ideal candidates for enhanced sensing applications [16] , out of equilibrium thermodynamics [17] and matter wave interferometry [18, 19] . Thus far, the motional ground state (GS) of levitated nanoparticles remains elusive. The lowest phonon occupation of tens of phonons, has been achieved with continuous measurement and active feedback cooling [20] [21] [22] [23] [24] . In contrast to these active schemes, passive optomechanical cooling provides a way to cool to the GS without continuous measurement, provided that the cavity linewidth is narrower than the mechanical frequency. This so-called sideband cooling technique was originally developed for atomic systems and in combination with cryongenics it has been used for GS cooling (n < 1) in a range of optomechanical systems. First Levitodynamics experiments demonstrated 1D sideband cooling [25] [26] [27] from room temperature down to 0.3K [28] . Here we demonstrate 1D resolved sideband cooling of a levitated nanoparticle reaching temperatures of T min = 10mK at a pressure of p = 3 × 10 −7 mbar, a regime where we will show that phase noise heating is indeed the limiting factor. The phonon occupation of the mechanical oscillator yields n ph ≈ 2100, an occupation 125× less than in previous experiments [28] and comparable to minimal temperatures reached in coherent scattering [29] [30] [31] [32] . Next to the well-known decoherence due to thermal noise and photon recoil [21] , we investigate in detail the influence of frequency noise of the cavity field, also called phase noise, on the phonon occupation. Phase * nadine.meyer@icfo.eu noise decoherence has so far been largely overlooked in Levitodynamics [32] despite being previously observed in other platforms [33, 34] where it seriously complicates the creation of low phonon states [35, 36] . Understanding the limitations of sideband cooling techniques with actively driven cavities is essential for many protocols to generate entanglement [37, 38] , non-classical correlations [39] or achieve coherent quantum control [40] . Controlling the mechanical motion of mesoscopic systems on the single phonon quantum level has been achieved only recently [41, 42] .
By using an external cavity, the center-of-mass (COM) motion of an atom, ion, molecule [43, 44] , or mesoscopic particle can be controlled and therefore cooled. The presence of a polarizable object inside the cavity induces a position-dependent dispersive change in optical path length, altering the intracavity intensity which then acts back on the particle motion. Coherently driving the cavity with a red(blue) detuned light field enhances(reduces) anti-Stokes scattering versus Stokes scattering, thus cooling(heating) the COM motion. The interaction Hamiltonian for a particle moving along the axis of an optical cavity isĤ int = − g 0â †â (b +b † ) [25, 45] whereâ (â † ) is the photon annihilation (creation) operator andb (b † ) is the phonon annihilation (creation) operator. The single photon optomechanical coupling strength g 0 can be enhanced by the driving field as g 2 = g 2 0â †â = g 2 0 n cav , n cav being the intracavity photon number. The single photon optomechanical coupling strength is sinusoidally modulated due to the intracavity standing wave and given as
where U 0 is the resonance frequency shift induced by a particle placed at the center of an empty cavity, with 
the cavity length, w cav = 64µm the cavity waist, k = 2π/λ cav the cavity field wave vector, λ cav = 1064nm the cavity wavelength and y the position of the particle from the center along the cavity axis. The particle mass m = (4/3)πr 3 ρ is inferred from the particle density ρ = 2200kg/m 3 , and the particle mechanical frequency Ω m is obtained from the particle displacement power spectral density (PSD). The optomechanical damping rate is then given by [45] 
with the cavity linewidth κ = 40kHz (FWHM). The optomechanical damping rate depends strongly on position along the cavity axis y through g 0 , the intracavity photon number n cav and detuning from the cavity resonance ∆ = ω L − ω cav . In the resolved sideband regime (Ω m κ) the maximum cooling rate equals Γ opt = 4g 2 0 n cav /κ ≈ 2π × 2µHz n cav at optimal red detuning ∆ = −Ω m , enabling an optomechanical damping rate in the kHz-regime in state-of-the-art cavities. In addition to the coupling rate to the thermal bath Γ m , shot noise radiation pressure heating (SNRP) due to the cavity field (Γ cav ) and the trapping field (Γ t ) are additional decoherence sources (see Eq.(C2) -(C4)). As shown in section C, the additional phonon occupation due to the SNRP of the cavity light field (n rad cav 1) does not depend on the intra-cavity photon number, while the SNRP of the trapping light field acts as an additional thermal bath. The latter causes only a small relative offset and will therefore be negelected in the following. Moreover, heating effects due to classical laser intensity noise show a much smaller heating effect [46] compared to SNRP and will therefore also be neglected. In the regime where the thermal mechanical damping is the main decoherence source, the final phonon occupation of the mechanical oscillator is
where
is the initial thermal phonon occupation. We neglect the contribution from the thermal photon occupation of the undriven cavity, since n cav = k B T ωcav 1 for optical frequencies. n min puts an ultimate limit on the minimum phonon number for Γ opt Γ m . As a consequence the GS can only be reached in the resolved sideband regime (Ω m > κ) where Fig.2 -4 ). In Fig. 1 the experimental setup is displayed. A silica nanoparticle is levitated in an optical tweezers trap [47] with a wavelength λ = 1550 nm, power P 185 mW and focusing lens NA = 0.8. The trap is mounted on a 3D piezo system allowing for precise 3D positioning of the particle inside the high finesse Fabry-Pérot cavity with a cavity finesse F = 1.55 × 10 5 and free spectral range FSR = 2π × 6.2GHz (for more details see supplementary A). Due to tight focusing, the nanoparticle eigenfrequencies Ω x,y,z = 2π × (90kHz, 100kHz, 25kHz) Figure 1 . Experimental setup The nanoparticle levitates in a mobile optical tweezers trap (red), positioned in the center of the high finesse cavity field. A weak cavity light field (purple) observed on a photodiode (PDH) is used for Pound-Drever-Hall locking on the cavity resonance ωcav. The cross polarized pump field (blue) is frequency modulated with an EOM at FSR + ∆ and its transmission is recorded (PD). Standard PFC of the optical tweezer trap prevents particle loss and cross coupling between different degrees of freedom (x, y, z). A piezo stage allows for precise 3D positioning of the particle along the cavity axis. The collected trapping light is used in balanced forward detection.
are non-degenerate. The maximum single photon optomechanical coupling strength is g 0 = 2π × 0.14Hz, which puts GS cooling seemingly into reach by simply increasing the intracavity photon number to n cav ≥ 4.8 × 10
9 , corresponding to a feasible intracavity power of P intra = 5.5W. In our experiments we vary the cavity input power P in , the detuning ∆ and the position y along the cavity axis in low and high vacuum, respectively. In the following, points represent data and solid lines are theoretical predictions according to eq.(2). The intracavity photon number, used for theoretical predictions, is calculated from the transmitted cavity power. At low pressure, we apply parametric feedback cooling (PFC) along x, z, preventing particle loss and limiting the particle displacement to the linear regime of the optical trap. Experimentally we deduce T com from the area of the particle displacement PSD equal to y 2 [48] , as shown in Fig.2(a) . Fig.2(b) shows the pressure dependence of T com at optimal detuning ∆ = −Ω m and intracavity power of P intra = 75mW. At pressures below p < 1mbar, we observe the expected linear decrease of T com . At T com ≈ 1K, cooling becomes ineffective and the temperature levels off with a constant final minimum temperature of T min = 35mK, in contrast to theoretical expectations (solid line). (blue ), respectively. In Fig.3 we investigate T com versus ∆ for various cavity input powers ranging from P in = 4mW -45mW at high pressure (p = 0.6mbar) and P in = 70µW -4mW at low pressure (p = 3×10 −7 mbar). At high pressure (Fig.3(a-c) ) T com features a clear minimum at ∆ ≈ −Ω m . The experimental results agree well with the theory, and only for high cavity input powers of P in = 45mW we observe a deviation. In contrast, at low pressure the data deviates from the theory and the optimal detuning is farther away from resonance as shown in Fig.3(e-g ). Our minimum temperature is T min ≈ 10mK, corresponding to a minimal phonon number n min = 2100. The dependence of T com at a nominal optimal detuning ∆ = −Ω m versus cavity input power is summarized in Fig.3(d) and (h) for high and low pressure respectively. At high pressure T com decreases as expected with increasing power (solid line). This is in strong contrast to the low pressure regime, where measurements deviate from theoretical predictions, which yield a minimal temperature of T th = 50µK at maximum input power P in = 4mW (Fig.3(h) ). In Fig.4 we probe T com versus particle position along the cavity axis y. We step the optical tweezers trap in increments of δy = 41nm over a total distance exceeding λ cav /2. The cavity detuning is kept at a constant optimal value of ∆ = −Ω y and at constant intracavity power P intra = 1W. At high pressure (Fig.4(a) ) we observe a sinusoidal dependence of the temperature on position as expected from the optomechanical coupling strength g 0 (see Eq. (1)). While the minimum temperature of T min = 50K agrees well with the theory (solid line), the maximum temperature differs by a factor of 2 from the expected room temperature of T = 295K. We attribute this to the particle motion at T com = 160K, which is δy ≈ 20nm and thus a significant fraction of the intracavity standing wave λ cav /2 = 532nm. In the low pressure regime the situation is quite different (Fig.4 (b-d) ). Periodic behaviour is only observed for the lowest cooling powers P intra = 5mW. Once the intracavity power is increased to P intra = 20mW, T com starts losing its position dependence. The minimum temperature T min ≈ 10mK persists over a broad region and looses its position-dependence for P intra = 172mW.
Altogether, as long as the dominant heating source is thermal noise, our observations are consistent with theory (see Eq. (2)). Laser phase noise becomes significant below p ≤ 10 −4 mbar preventing further cooling. The heating at low pressures cannot be explained by thermal heating (Fig.2) or by photon radiation pressure (see supplementary C). Phase noise stems from a combination of cavity instability and phase noise of the driving laser. It translates into amplitude noise of the intracavity field. This has two effects on the system [35] : First, the optomechanical coupling strength g changes due to its dependence 1 and hence the dependence on intracavity field variations is negligible. Second, the conversion of phase to amplitude fluctuations inside the cavity gives rise to a stochastic force driving the mechanical oscillator. This leads to an additional phonon occupation n φ = S φ n cav /κ, which scales linearly with the intracavity photon number n cav and the phase noise PSD at the mechanical frequency S φ (Ω m ). Including phase noise, the total final phonon occupation is
where the first two terms derive from Eq.(2) and the last term accounts for phase noise. Eq. (3) reproduces the data well (half-solid line), assuming the specified phase noise at 10kHz of S φ = 2π × 4Hz 2 /Hz. The shaded area covers a range of S φ /2 and 2 × S φ to account for the 1/Ω decrease in phase noise at higher frequencies [49] and additional phase noise contributions related to setup instabilities respectively. In general, phase noise heating increases near the cavity resonance due to high intracavity photon numbers (see Eq. (3)) and dominates at low pressure. This leads to a shift in optimal detuning towards ∆ < −Ω m and the opposite power dependence at high and low pressure. The trap SNRP is largely negligible (dotted line in Fig.3(e-h) and Eq.(C1)). The optimum intracavity photon number n cav opt = κ 4g0
Γmn th S φ + Γmκ 4g 2 0 depends on the phase noise level. Consequently, the minimum phonon occupation in presence of phase noise S φ (see supplementary C) is
The experimental minimum phonon occupation of n ph = 2100, stands in good agreement with the theoretical prediction of n f min = 1750, corresponding to T min = 10mK and T f min = 8.4mK respectively.
In conclusion, we experimentally and theoretically investigated the influence of phase noise heating in resolved sideband cooling of a levitated nanoparticle in high vacuum where thermal heating is no longer the main limitation. Counter-intuitively, minimum temperatures are achieved at low intracavity power. Nevertheless, there are two approaches to continue towards GS cooling. Either the optomechanical coupling strength g is increased by using a larger particle, a higher finesse or a smaller cavity volume [50] , such that the cooling efficiency per photon improves. Alternatively the coupling to the environment has to be reduced by further lowering the pressure or the system's phase noise (see Eq. (4)). Reducing the current phase noise of S φ /(2π) = 2Hz/ √ Hz by a factor of 1500, GS cooling can be achieved with the experimental parameters given here. This condition can be relaxed by an additional factor of 100 for a larger particle of r = 250nm at a pressure of P = 10 −10 mbar. Note that, phase noise can be decreased with external filtering cavities acting as low pass filters [34, 51] . This reduces the phase noise by several orders of magnitude [52] n rad t only causes an small offset. Hence there exists an optimal intracavity photon number n cav opt where the minimum phonon occupation n f min is reached. This stands in contrast to the standard picture of sideband cooling where the phonon occupation monotonically decreases with the number of intracavity photons n cav . The optimal intracavity photon number n cav where we reach the lowest phonon occupation is given as where X = Γ m n th + Γ t n t . The thermal environment and optical trap together can be interpreted as a thermal bath with a higher effective temperature T eff and therefore higher phonon occupation n th eff . The additional phonon contribution due to the trap light only needs to be taken into account at the lowest T com . The lowest phonon occupation is reached when the phonons are equally distributed between the effective thermal bath T eff and the phase noise heating (n phase = n rad trap + n m ).
In case of neglecting the trap radiation pressure (Γ m n th Γ t n t ), the minimum reachable phonon occupation deviates by ≈ 15% and yields n f min ≈ 1330. The theoretically predicted optimal intracavity power is P intra = 10mW which is in reasonable agreement with the experimental value of P intra = 5-20mW (see Fig.4(b-c) ).
